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FOREWORD 

This volume summarizes results of the One-Man Lunar 
Flying Vehicle Contract (NAS9-9045), conducted by the 
North American Rockwell Space Division for the National 
Aeronautics and Space Administration Manned Spacecraft 
Center, Houston, Texas. A detailed discussion of the study 
results is contained in Volumes 2 thruuugli 6: 

Volume 2. Mission Analysis 
Volume 3. Subsystem Studies 
Volume 4. Configuration Design 
Volume 5 .  
. r  "iuriie 6 .  

Preliminary Design and Specifications 
I I U I I U I ~  allu l\c;auurLLa I lalla 
T---:.-:.-- -.-A D - --.. -,.- Dl,,, 
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TECHNICAL REPORT INDEX 'ABSTRACT 

I I I 
- I ; O C U v E ' ~ T  S ~ c c l q t T Y  C L A S S I F  C A T 1 0 1  

AS A ESLLT 3F PAUmTFIC STUDIES COhKHCTQl DE?ST?JG 
CONCWl' WAS SEL,EC!TED WHICH HAS THE FOLLOWING CHARACI'ERISmCS : 
CONTROL, ( 2 )  FOUR GIMBAIED ENGINES WHICH 

FI?ST P F I E  OF X I S  EFI'CIRT, A 
(1) STAEILITY-AVGMENTED 

CLUSTEFED BEYEATR TKE VEHICLE, ( 3 )  A SE4ED 
PILOT PC)SITICN, AND ( 4 )  AN INTEGRAL X-FFAME LANDING GEAR WIW 6 HYDRa.LILIC A-TENJATORS. 
?HIS 'L5HIC-j. I S  CAPABLE OF CAF!XYIHG A 370-LB PAYLOAD I N  fDDITION ?o TEE FILOT. 
VEIG!dT OF IIHE VMICE IS  304 LB. 
PROPELLANTS, THE VEHICLE: CAN OPERATE WIm A 4.6 NAUTICAL MILE Iw)IUS WITi :JO P-4YLOA3. 

TEE DRY 
wHEf;J LOADED WITH 300 POUNDS OF LM DESCENT STAGE 



INTRODUCTION 

Exploration of the moon following the early 
Apollo landings presents a means of continuing a 
viable U.S. manned space program during the next 
decade. The national investment in the Apollo 
program has already created the necessary tech- 
nology and prime hardware which allows con- 
tinuation of a meaningful program concerned with 
exploration of the lunar surface. 

Achievement of this objective requires increased 
mobility to allow transport of astronauts, scientific 
equipment, and samples between the lunar landing 
site and predetermined sites of scientific interest. 
Of the several mobility devices considered by 
NASA, a one-man, rocket-powered, lunar flying 
vehicle (LFV) provides unique mobility features 
which are significant to  lunar exploration. With 
such a device, up to  370 pounds of scientific 
equipment and samples can be transported in a few 
minutes to sites which cannot be reached with 
surface devices because of adverse lunar surface 
features and limitations of life support systems. 
The speed of transport is also important in 
increasing the number of regions that can be visited 
during missions of limited duration. The rapid 
access to  remote and, in some cases, otherwise 
inaccessible areas provided by the lunar flying 
vehicle permits a capability for a low incremental 
cost. 

The speed of transport also provides a means of 
reducing mission hazards related to time-critical 
life support systems that must be used when the 
crew is away from the lunar module (LM). During 
a normal LFV mission, the LFV allows a rapid 
return in the event of a life support system failure. 
Furthermore, the LFV can provide a standby 
capability for timely surface rescue from walking 
and roving vehicle missions. 

The primary objectives of this study were to 
optimize the design and to develop system specifi- 
cations of the lunar flying vehicle. The scope 
encompassed parametric investigations, concept 
generation, and evaluation effort for the definition 
of a recommended concept; production of a 
preliminary design and development of systems 
specifications of the recommended concept; and 
definition of resources and crew training plans. In 
addition to  generation of the LFV design, the 
scope of the study included lunar module integra- 
tion, flight suit interface studies, and definition of 
ground support equipment for earth and lunar 
operations. 

. The study was conducted in accordance with the 
logic diagram shown in Figure 1. During the first 
phase of the study, which was of three months 
duration, conceptual tradeoff studies were con- 
ducted to provide parametric data for evaluation of 
a large matrix of design alternatives and the 
selection of a concept for the second phase 
preliminary design effort. During the second phase 
of the study, also of three months duration, more 
detailed tradeoff studies were conducted to devel- 
op a preliminary design and specification for the 
lunar flying vehicle system. During this second 
phase, a resources plan and a crew training plan 
were also developed. 

The following sections of this r epx t  summarize 
the study results. A detailed description of the 
study results is contained in Volume 2 - Mission 
Analysis, Volume 3 - Subsystem Studies, Volume 4 
- Configuration Design, Volume 5 - Preliminary 
Design and Specification, and Volume 6 - Training 
and Resources Plans. 

- 1 -  
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PRINCIPAL ASSUMPTIONS 

At the beginning of the study, an assumption 
was established that two lunar flying vehicles were 
to be used on each mission; one of the vehicles was 
to be a surface rescue vehicle. During the second 
month of the study, the astronaut rescue require- 
ment was eiiminared, and a hirigit:  LF'v' W d S  tlieii 
assumed to be employed in surface operations. 
Thi\ \ ehicle design was constrained by the follow- 
ing basic requirements: ( 1 )  use of LM descent stage 
residual propellants. (2) capability of carrying a 
fuil) suired astronaut and d Indximum of 370 
pounds of cargo, (3) capability of all LFV opera- 
tions being performed by one man, (4) loaded 
propellant weight of approximately 300 pounds 
(including 10 percent fuel resene), and ( 5 )  no 
allowance of engine shutdown during flight. 

In addition to these basic ground rules. the 
Spdce Division applied important constraining cri- 
teria to the design relative to system crew safety 
and the characteristics of the lunar surface. Crew 
u f e t y  goals were assumed to be consistent with 
L:Lrrcnt Xpollo system goals: therefore, single-point 
cyyten: f~ilures were allowed onl\ i n  those systems 
which could be judged to achieve high reliability 
fiitliin a rrdsonable design and development schcd- 
1 JL. 1 L, A Phase f and D schedule of 30 months, with 
deli\eiT of the first operational flight article in 

April 1972. was assumed for this analysis. These 
crew-safety goals were also employed to establish a 
requirement for satisfactory handling qualities 
within a reasonable crew training period. 

=cca.dsa :hc lunar suif;zo ch;ractoristics are 
poorly defined at this time, the landing system was 
designed to land consistently on a hard surface 
(which establishes attenuation requirements) or 3 
soft surface (which establishes tip-over require- 
ments). Application of thes? criteria resdts in a 
system with high lunar expioration utility. thus 
allowing exploration into those areas which cannot 
be reached by surface systems, such as crater walls 
and mountainous regions. 

Since this system will be landed by a modified 
iunar module, constraints imposed by the LM 
system and the spacecraft-lunar module adaptor 
(SLA) interface were included in the study. Stow- 
age in the LM descent stage corner compartments 
of quads I and IV was assumed for this study. 

The baseline mission for this stud:; was of three 
days duration, being initiated either at dawn or 
prior tc sunset. The effects of longrr s k y  times 
and  carth-shiize opcraticx 01: design were also 
i ny es tiga t e d . 

- 3  - 
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LFV MISSION DESCRIPTION 

A typical LFV mission profile is shown in Figure 
2. The LFV, shown stowed in the corner compart- 
ment of quad IV of the LM descent stage, was 
designed to be stowed without removal of the 
landing gear and is covered during lunar transit to 
protect it from impingement of the reaction 
control system (RCS) rocket plume and from lunar 
surface debris upon landing. 

After the lunar surface landing and post-landing 
LM operations, one of the astronauts leaves the LM 
and removes the LFV from the descent stage bay. 
The removal equipment is designed for one-man 
operation and does not allow the vehicle to swing 
pendulously as it is removed. One of the primary 
LFV design features is the intact LM installation. 
Only the payload racks and the control pedestal 
arms are folded during stowage. These are simply 
rotated into a locked position after the vehicle is 
removed from the LM. 

The astronaut next prepares a .landing and 
takeoff site located about forty feet directly in 
front of the LM exit. The site comprises a 
high-temperature ground cover which is stiksd to 
the ground. This cover prevents eroded soil from 
striking and damaging the LM ascent stage during 
takeoff and landing operations. The unfueled LFV 

is transported to  the prepared site by the astronaut 
and is fueled by hoses attached to the fuel and 
oxidizer drain lines of the LM. 

Following a brief checkout of the LFV system, a 
short flight within walk-back range is first accom- 
plished to allow astronaut familiarization under 
actual lunar flight conditions. For landings at the 
remote site, damage from lunar soil erosion caused 

at a 58-inch level and dropping in. This also 
reduces the tendency to tip on landing. After 
deploying experiment modules and gathering sam- 
ples, the astronaut deploys a small, expendable 
ground cloth beneath the L,FV to eliminate soil 
erosion effects during takeoff and returns to the 
LM. 

I--- UY 1ULAb.L ---.-I--+ 1 1 1 1 ~ 1 1 1 ~ ~ 1 1 1 ~ 1 1 C  :--:--n-o-t I> i o  n x r n ;  U I V Z ~ V U  orl h x r  V J  , y l t t i n m  VUCL***& thnlct C A A - U ~ . .  

Following a sleep and rest cycle, repiacement of 
the helium tanks, and refueling of the LFV, the 
astronaut accomplishes subsequent missions of 
longer range, depicted in Figure 2, to remote sites 
of scientific interest. Based on 1000 pounds of LM 
descent stage propellants, about two long-range 
and two short-range missions can be accomplished. 
Such operations appear to be consistent with a 
three-day surface-mission cycle. 

PROTECTIVE COVER REMOVAL 
/’ ~~~ - / ,  

LM LANDING ON LUNAR SURFACE 

LFV FLIGHT PREPARATION LFV CHECKOUT FLIGHT 
--_ 4 

LUNAR FLYING VEHICLE REMOVAL 

TYPICAL LFV MISSION 

.*. T U I  a r m o  

.SCIINlIfIC t l P  URW S I C l R f D  

Figure 2.. Lunar Flying Vehicle Operatiom1 Modex 
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SIGNIFICANT RESULTS 

The first phase of the study concentrated on 
conceptual tradeoffs at the subsystem and system 
integration levels and resulted in the selection of a 
concept for preliminary design study during the 
second phase. The following sections describe the 
significant results of these two study phases. 

TRADEOFF STUDIES 

Of the many tradeoff studies conducted during 
the first phase, those of greatest significance were 
(1) control-system studies, (2) determination of 
the number and arrangement of engines, (3) studies 
of crew position and restraints, and (4) landing 
attenuation studies. The primary goal of the 
tradeoff studies was to  determine the design 
characteristics that would produce a system in 
which high confidence could be placed. The 
following sections summarize the results of these 
studies, evaluation of the tradeoff data, and con- 
cept recommendations. 

Control-System Studies 

Three basic types of control systems were 
evaluated: kinesthetic (body motion), hardwire, 
and stability augmented. These are listed in the 
order of increasing complexity. Kinesthetic control 
allows a fixed main thruster. Thrust-vector control 
is obtained by platform tilting achieved in pitch 
and roll by movement of the body. Yaw control 
requires a reaction-control system or gimbaled 
thrusters. Hardwire and stability-augmented con- 
cepts were studied parametrically, with the 
thruster-pivot location varying from below the 
center of gravity to above the center of gravity. An 
option of the hardwire system, in which spring and 
damper networks were introduced into the system 
between a hand control and the engine, was 
evaluated to  assess the potential for improving 
handling qualities by such an approach. 

Several sources of data, illustrated in Figure 3, 
were utilized in assessing the handling qualities of 
the candidate control concepts. These included a 
visual simulator, a high-inertia tethered vehicle, and 
theoretical dynamics studies. The NR HOTRAN 
visual simulation facility provided a 6degree-of- 
freedom, wide spherical screen (+ 100 degrees 

VlSUAl 5lMlllATlON .. .. . 

KINESlHflIC, HARDWIPE, STABILITY A U W N T E D  . FLIGHT HAMILING NAVIGATION OlML(IIE5 

IANDING 

l..%r - / THEOREIIU\L STUDIES I 
KINESTHETIC, 
HARDWIRE &. 
STAdlLITY AUG 

Fa W - 1 W f  
MISSION 

MtCW\NIZATION STUDIES I 
HIGH IhtRTlA RI 

TEST VEHICLE GIWALING, DlFF THROTTLING, 
PULSED ENGINES, JETAVATOKS, RCS, 
TVANSLATING 
NUWER OF ENGINES 6 

I(INESTHfT1C d HA% LOCATION 
HANDLING QUALIT 
IN NEAR-HOVER 
fLIGH1 

1 r 

Figure 3. C o n h l  System Studies 

horizontal and +25 and -65 degree vertical view), 
and pitch and roll rotating base (*7 degrees). This 
provided an excellent peripheral view and the 
ability to change control modes and parameters 
quickly. 

The tethered flight vehicle was employed to  
assess handling qualities of both kinesthetic and 
below-c.g. gimbaled hardwire control systems in 
flight under 1% conditions. This vehicle was 
designed to  provide inertias up to 600 slug-feet2 
for simulating rotational dynamics at lunar condi- 
tions. High-pressure nitrogen gas, fed to the vehicle 
through hoses, provided rocket system thrust. 

A sophisticated mathematical model, including 
man-in-the-loop dynamics, was also employed to  
correlate and explain the simulation results. 

Figure 4 summarizes the visual and flight simula- 
tion results, presenting the Cooper ratings as a 
function of inertia (all conditions are related to  
lunar flight). Systems must have Cooper ratings 
between 1 and 3 to  possess satisfactory handling 
qualities. The kinesthetic results indicate that 
satisfactory handling qualities did not occur across 
the entire range of inertias investigated. The best 
kinesthetic han ling qualities occurred at an inertia 

the regio of interest for the LFV (I = 100 to 200 

degraded. At LFV inertias, l-g tethered flights 

of 50 slug-feet 9 under lunar flight conditions. In 

slug-feet il ), the handling qualities were rapidly 

-5- 
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PITCH OR RCU MoMRlT OF I W T l A  WITH PILOT. SLUG . F72 
Control Method 

Kinesthetic Figure 4. H a d h g  Qualities Compmisons 

Pilot Opinion Ratings* 

Theoretical Vi sua I FI ig h t 
Analysis Simulation Vehicle 

7 to 8 9 t o 1 0  5 t o 8  

were characterized by large, slowly damped, pitch 
and roll oscillations of relatively low frequency. 

Hardwire control was also found to  provide 
unsatisfactory handling qualities. Visual simulation 
resulted in Cooper ratings between 5 and 9 for 
long-range flight, but landing runs resulted in 
Cooper ratings of 9.  Tethered-flight results indica- 
ted a mixing of kinesthetic and hardwire control 
during flight. Using this technique, the pilots could 
fly the vehicle at lunar flight inertias of 50 
slug-feet2, but had considerable difficulty at 100 
slug-feet2. Two other sources of hardwire data are 
also shown: (1) hardwire data obtained by Bell 
Aircraft Corporation (BAC) at the Langley Lunar 
Langley Research facility under tethered 1 /6g 
conditions and (2) visual simulation data for the 
CSM and LM/CSM utilizing hardwire control. The 
BAC data indicate Cooper ratings of between 3 and 
6 at relatively low vehicle inertias. The Apollo data 
gave Cooper ratings for hardwire control between 4 
and 7. It should be noted that the pilot task for the 
CSM and CSM/LM simulation involved primarily 
3-axis  attitude control and, thus, was a 
considerably simpler task than the LFV landing 
task. It was concluded that hardwire flight could 
be accomplished with considerable training, but 
the large percentage of time required for the 
control task takes too much time from navigation. 
If the pilot loses control concentration for even a 
short time, loss of vehicle control may result. 

Stability augmented 

Below c.g. 
At  c.g. (level platform) 

Stability-augmented systems, as expected, pro- 
vided acceptable handling qualities. This system 
has an Apollo-type hand controller that is used to  
command pitch, roll, and yaw rotational rates and 
has attitude-hold when the control is returned to 
neutral. 

2 to 3 3 
1 to 2 2 

Space Division 
North American Rockwell 

No. OF 
ENGlhYS 

Table 1 compares the Cooper ratings for the 
control systems investigated during this study. 
Good agreement among the methods of investiga- 
tion is indicated. Only the stability-augmented 
system provides acceptable handling qualities. 

ENGINE POSITION 

OUTBOARD & HIGH CLUSTERED & LOW 

Table 1. Handling Qualities Summary 

Hardwire 

Above c.g. 
Below c.g. 

~ 

*Cooper rating scale 

Control System Mechanization 

Control-system mechanization studies were sig- 
nificant in making the decision on the number of 
engines. An important portion of these studies was 
concentrated on the reliability aspects. Figure 5 
presents a comparison of several combinations of 
outboard and high and clustered and low engine 
combinations, which were two primary alternatives 
in design. All of the outboard and high-mounted 
engine concepts were rejected, with the exception 
of the eight-engine, differentially throttled case 

l 

I $;4AClTIyTCP LOSS OF CONTROL wirn 3 SINGLE POINT 

1 
I 3 1 A FAILURfS 

[DlFF THROTTLING) 
REDUNDAM 

Figure 5. Compmison of Engine Location Options 
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which can be used with Apollo RCS pulse- 
modulated thrusters. This design case was further 
studied on a Company-sponsored program. All 
other outboard and high combinations resulted in 
sources of catastrophic multiple-engine failures or 
in excessive thrust and throttling requirements if 
redundancy were employed. Of the clustered and 
low-mounted engine concepts, only the single- 
engine and four-engine cases were retained. If an 
engine fails in a clustered and low case, engine 
gimbaling through the center of gravity can be 
iichie~ed io pio\idc coiitio!. 

Several combinations of single- and fourengine 
configurations and one three-engine configuration 
(employing an RCS system for rotational control) 
were evaluated in arriving at the recommended 
concept. These included all-gimbaled concepts, 
all-RCS concepts, concepts which combined gim- 
baling and RCS, and translating plate concepts 
(Figure 6) .  A special case, the level-platform con- 
cept (number 15), has a hardwire main thruster 
that gimbals through the c.g. for translation con- 
trol. The platform is stabilized by using an RCS 
system. 

Factor 

Dry Weight 

A Radius 

Reliability 

Crew Safety 
Mission Success 

Handling Qualities 

Resources 

cost 
Risk 

Operational Character, 

Servicing Time 

Units - 
Ib 

nm 

C.R. 

Ratio 
Pen. 
Pts 

units 

A summary of the data comparing the concepts 
is presented in Table 2. These data indicate that 
the single-engine concepts 2 and 3 provide the 
lowest dry weights and largest operational radii. 
However, crew safety for the four-engine concept 
is nearly ten times greater than for the single- 
engine concepts. These reliability estimates include 
estimates for the entire system, which is assumed 
in all cases to be stability augmented. The engine 
reliability was dominant for the single-engine case. 
All engine reliabilities were based on a 24-month 
ciigiiie d e ~ b p m e i i t  cj..dc. 

1 2 3 12 

14 15 16 17 

=&e- 
Figure 6. Engine and Control Configurations 

Table 2. Engine and Control Evaluation Data Summary 

Configuration 

1 

30 1 

0.00 

0.9995 
0.984 

3.00 

1.02 

2 

8 

2 

284 

0.76 

0.998 
0.988 

3.00 

1.12 

3 

8 

3 

279 

0.70 

0.998 
0.974 

2.75 

1.11 

2 

12 - 

8 

290 

-0.28 

0.9995 
0.970 

2.75 

1.14 

3 

12 
- 

12 

302 

0.35 

0.9995 
0.988 

2.75 

1.02 

4 

6 

14 

296 

0.06 

0.9996 
0.988 

3.00 

1.02 

2 

8 

15 

302 

0.24 

0.998 
0.974 

2.75 

1.15 

4 

13 

16 

302 

0.35 

0.9995 
0.988 

2.75 

1.02 

4 

6 

17 

302 

0.12 

0.9995 
0.982 

1.15 

6 

8 
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Remove 

Despite the better performance and design sim- 
plicity of the single-engine concept, the four-engine 
concept was recommended because crew safety 
was considered undesirably low for the single- 
engine concept. 

Intact 

Landing-Attenuation aiid Crew-Position Studies 

As a result of the unacceptable reliability asso- 
ciated with locating the engines outboard above 
the c.g.. the potential hazards of lunar soil erosion 
upon landing related to low-engine mounting 

be eliminated. Surveyor data, data from recent JPL 
tests at the NASA Langley Research Center, and 
theoretical results were analyzed to determine the 
altitude where soil erosion effects may damage the 
vehicle. This was conservatively estimated to be 
58 inches from the rocket nozzle exit plane. These 
data, along with vehicle flight conditions, were 
then used to determine landing touchdown condi- 
tions. assuming engine cutoff at 58 inches above 
the surface. This altitude is determined by the use 
of d ground probe which acthates a light: thc pilot 
initiates the action for cutting thrust based on this 
informaticn. Cutting off prior to landing is benefi- 
cial since resulting vertical velocity reduces the 
tendency to tip for a given horizontal velocity. 
Thrusting at touchdown significantly increases the 
tendency to tip over, particularly if the thrust is 
inad\ ertsntly increased by the pilot just as touch- 
down occurs. 

,.* ' \ l.., L -  

( 1  - 1IILi lCb  l'IVIIl iilC g I U U I l d  di i U U L ~ l d U W l l )  l I d U  L U  

The approach and considerations for resolving 
the landing attenuation scheme and the pilot 
position are illustrated in Figure 7. The initial LFV 
concept featured a standing and essentially unre- 
strained pilot. The landing gear concept ied to 
difficult LM stowage and the requirement for 
12 attenuators. Alternative attenutation studies 
included consideration of a Surveyor-type tripod 
attenuator and an integral-leg-type attenuator. In 
the integral-leg-type attenuator, the legs are rigidly 
tied together, and attenuation occurs between the 
leg frame and the body. These studies were 
combined wiiii d siuciy ol' Lilt: cl'l'rcis UT piior 
position and restraints on attenuation require- 
ments. Stowage in the Lhl and ingress and egress 
were also considerations in selection. 

Table 3 summarizes the characteristics of the 
alternatives. Based on NASA MSC experimental 

Table 3. Comparison of Crew Position and Attenuation Options 

Allowable g's 

Vertical 
Horizontal 

C.G. height 
(inches) 

Landing gear 
spread (inches) 

L M  stowage 

Weight (gear and 
restraint (pounds) 

Attenuator 
Stroke (inches) 

. -  . _  
- -  
Figure 7 Landing .4 t f e~ua t i en  and Crew Position Studies 

I Pi lot 

Characteristic Attenuator 

Standing, Unrestrained 

Tr ipod 

2 
1 

66 

i 39 

Remove 
legs 

69.9 

25.0 

Integral 
Leg Frame 

2 
1 

60 

129 

Fo ld  
legs 

68.5 

13.5 

Standing, Restrained 

Tr ipod 

8 
4 

60 

i 2 9  

Remove 
legs 

74.4 

12.5 

Integral 
Leg Frame 

a 
4 

57.1 

123 

Fo ld  
legs 

72.3 

6 .a 

~ 

Seated, Restrained 

I ntegra I 

12.5 I 6.8 
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data and NR Space Division theoretical and 
experimental data, it was concluded that the 
standing, unrestrained pilot had to be attenuated 
to low horizontal and vertical glevels (one and 
two, respectively) to  assure fully spacesuited sta- 
bility during landing. Even under these lowg 
conditions, standing astronaut landing stability is 
questionable. The low-g level results in a large 
attenuation stroke and a large landing gear spread 
because of the resulting high c.g. 

As a resuii "f :;-is spuGy, ct- "-n+oA-.inrl 
LAIC, a b a c - u  uuu 

restrained-pilot position with the integral leg-frame 
gear was selected because of low weight, ability to 
stow in the LM without SLA interference, and the 
relative ease of providing positive restraints. Mock- 
up tests of ingress and egress showed that a fully 
pressurized astronaut with a portable life support 
system (PLSS) could easily ingress and egress from 
this position because of the resulting low seat (seat 
level about 36 inches from ground level.) A four- 
legged gear was selected over a three-legged gear 
primarily because it can be stowed in the LM 
intact. 

Recommended Concept 

In addition to  the key tradeoff studies described 
above, several others were conducted at the s u b  
system and system integration level in arriving at a 
recommended concept. Included were thermal 
tradeoff studies, payload studies, and integrated 
propulsion system studies. 

A three-view of the concept recommended at 
the midterm point of the study is shown in 
Figure 8. The characteristics of this concept and 
reasons for selection are described in Table 4. 

PRELIMINARY DESIGN STUDY 

Several design issues were studied during the 
preliminary design phase. Key issues remaining 
after selection of the recommended concept in- 
cluded (1) selection of the control method for the 
four-engine design, (2) optimization of the 
landing-attenuation system, (3) optimization of the 
payload arrangement, and (4) definition of the 
ingress and egress method. As is usual in prelimi- 
nary design studies, these issues were interrelated 
and involved several design layouts t o  resolve 

Two PROPELLANT TANKS 

SEATED. RESTRAINED PILOT 

INTEGRAL LEG GEAR (4-LEGS1 
4 curiwc - &.. "...__ 
STABILITY-AUGMENTED CONTROL 

FORE & AFT LOAD PANS 

+re 8. Recommended Concept at Midterm 

Table 4. Midterm Recommendations 

System 
Characteristics 

Stability-augmented 
control 

Four engines 

Actuation system 

Astronaut seated 
and restrained 

Integral leg-frame 
landing gear 

Four-leg gear 

Two spherical 
propellant tanks 

Reason 

Others do not have accept- 
able handling qualities. 

Unable to achieve acceptable 
reliability for singleengine in 
24-month delivery cycle. 

Potential of alternative designs 
to be resolved. 

Low c.g. reduces landing gear 
spread, restraints provide 
positive astronaut and PLSS 
landing stability. 

Simple, low-weight solution. 

Leg folding or removal not 
necessary for LM stowage; 
lowest weight. 

Lowest weight; stows in LM. 

problems associated with clearances, visibility, pay- 
load integration, and ingress and egress. Some of 
the primary results are presented in the following 
sections. 

Engine Actuation Study 

Three methods of actuating the fourengine 
configuration to  obtain thrust-vector control, 

-9- 

SD 69-419-1 



Space Division @A!!! North American Rockwell 

shown in Figure 9, were studied to obtain detailed 
data on their characteristics. The requirement was 
imposed in all cases for redundancy in the event of 
an actuator failure. The eight-actuator case auto- 
matically provided redundancy with eight single 
actuators. Both the four-actuator and sliding-plate 
systems required “two-in-a-can” dual actuators for 
redundancy, and an automatic or pilot-initiated 
switchover to the redundant actuator was required. 
The sliding-plate concept achieved thrust-vector 
control by the translation in the vehicle horizontal 
plane of a plate containing the four engines for 
pitch and roll control. The engines are single-axis 
gimbaled for yaw control. Thrust-vector control 
for the four- and eight-actuator concepts is obtain- 
ed by gimbaling (in both axes for eight actuators 
and in one axis for four actuators). 

8 - ACTUATORS 

. lWO-AxIS G l W L  

3 - SINGLE ACTUATORS 

d - ACTUATORS 

. SINGU-AXIS CIUML 

1 - DOUlLt ACTUATORS 

SLIDINGPLATf 

2DWILE AClIulORS 
wrcn h aoui 

2-SINGLE ACTWTORS 
(YAW 

Rgure 9. Candidate Fow-Engine Actuation Configwvrtions 

A detailed analysis of these systems included 
determination of gimbal-angle or plate-translation 
requirements, actuation-hardware characteristics 
(including mechanism, weight, power, and reliabil- 
ity), and an analysis of the results of actuator 
failures. Because of the requirement for switchover 
from one set of actuators to the other for the 
four-actuator and sliding-plate concepts, both 
proved to possess time-critical failure character- 
istics. Since the “two-in-a-can” actuators are 
physically in the same environment, their true 
redundancy was questionable. The eight-actuator 
concept was fully redundant, without time-critical 
characteristics; had the lowest gimbal angle require- 
ment; and could use relatively simple, modified, 
off-the-shelf hardware. Although it proved to  be 
higher in weight than the four-actuator concept, 
the eight-actuator concept was selected. 

The recommended control system concept pro- 
vides complete redundancy in the event of system 
failures, including engine, actuator, control unit, 
power, or hand controller failures. Redundant 
control units, batteries, power distribution, and 
hand controller switches provide a completely 
redundant stability-augmented system. Hardwire 
control for backup instead of control system 
redundancy was considered, but the incremental 
training required to  attain proficiency was con- 
sidered excessive. 

Landing-Attenuation System Optimization 

Resolution of the landing-attenuation system 
design involved a study of two framing techniques 
shown in Figure 10 and a detailed landing 
dynamics study to resolve the number and orien- 
tation of attenuators. 

ENGINES ATTACHED TO BODY STRUCTURE 
.BOX STRUCTURE LfADS TO HIGH W E l G M  

POOR CLEARANCf CHARACTERISTICS 

- ENGINES ATTACHED TO X-LEG F F A M  
LOWEST WEIGHT 
BEST CLEAFANCE CHARACTERISTICS 

F&we 10. Optimization of Lunding Attenuation System 

The box-frame concept has the engines attached 
to  the body frame with a box structure tying the 
four landing gear legs together. The X-frame 
concept has the engine attached to  a landing gear 
X-frame. The X-frame concept led to the lowest 
weight and best clearance characteristics. Further- 
more, location of the engines on the X-frame 
resulted in a larger c.g.-to-gimbal-axis distance, thus 
reducing engine-gimbal requirements. The landing 
dynamics analysis showed that the maximum g’s 
are 20 at the engine location for a maximum 
velocity, hard-surface landing because of leg deflec- 
tions. This level is well within the acceptable range 
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I for the engine and gimbal systems. For these 
reasons, the X-frame concept was selected. 

Although it is possible to design a system 
without attenuators for soft lunar-surface landings, 
current lack of knowledge about soil conditions in 
regions other than the maria dictated the require- 
ment to land on either a hard or  soft surface. 
Relaxation of this assumption wo'uld lead to a 
simpler and lower-weight design, but must await 
further data on lunar surface conditions, particu- 
larly in the interesting selenoiogicai regions where 
the LFV would be most useful. The recent 
Apollo 11 flight provided data that tends to 
substantiate this conservative approach. The sur- 
face appeared to have many small craters, to be 
strewn with rocks of various sizes, and to  have 
regions of both hard and soft soil. 

t 

A modified Surveyor-type hydraulic attenuator 
was employed in developing the attenuation 
system design. Other designs, imluding springs and 
reusable inelastic metal deformation attenuators, 
were also considered. 

Four attenuators were initially studied (two in 
pitch and two in roil), but they proved t o  be 
unstable in providing attenuation in the yaw axis. 
Eight attenuators were found to provide stability 
and a certain degree of redundancy. Although the 
current design uses eight attenuators, further study 
may prove that six are sufficient. The preload on 
these attenuators is much higher than the forces 
and moments contributed by the engines. For this 
reason, location of the engines on the landing gear 
frame does not result in a dynamic interaction 
during flight. 

Payload and Ingress and Egress Optimization 

Figure 11 illustrates the process followed in 
optimizing the payload arrangement and the 
method of ingress and egress. The concept at 
midterm resulted in difficult ingress and egress 
because the payload racks were in the same plane 
as the pilot seat. This condition also resulted in 
poor landing visibility because of the forward 
payload location. 

ACT1 VlTY 

h 

j MID-TERM I-,-) ~ I'VTERIM I /''o I F i r 1  
CONCEPT CONCEPT COWFIGURATION 

.SEAT QOl&TE3 L5 DEWEES *PLATFORM PEMCVED TO IMP'OVL 
FPOM PLANE OF SYMMElPY IUGRESS /fGDESS 

*SEAT TILTED FC'I%A?D 15 DEG'EES 
i o  I M P Q O ~ E  visiaiti iy 

Figure 11. Optimization of Ingress and Egress 

After the pilot's position was rotated 45 degrees 
from the plane of symmetry, the pilot no longer 
had to contend with payload interference in 
ingress, egress, and visibility. Full-scale mockup 
studies were conducted using a pilot in a fully- 
pressurized suit with a PLSS on his back 
(Figure 12). The pilot had considerable difficulty 
in stepping onto a platform and getting into a 
seated position, even with hand holds and steps. 
The final concept, which was derived in conjunc- 
tion with the mockup activity, eliminated the 

Figure 12. LFVMockup With Pilot in PLSS 
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platform. Ingress was accomplished by backing up 
to the seat (straddling the forward landing leg) and 
simply pushing with the legs against bars located 
on the landing leg to get into the 36-inch-high seat. 
(This was accomplished in three seconds from the 
time the pilot reached the seat.) Although the 
current design has a footrest attached by a bar 
from the lower portion of the seat, the alternative 
of a footrest on the legs may prove practical when 
landing-dynamic tests are accomplished in future 
program phases. Egress is accomplished by taking 
the legs off the footrest and sliding off the seat 
onto the feet. Visibility in the seated position is 
excellent. 

Burnout Weight 

Preliminary Design 

Gross Weight 

A perspective view of the preliminary design is 
shown in Figure 13. More detailed design drawings 
of the concept are presented in Volume 5 of this 
report, and a description of the subsystems is 
presented in Volume 3. A summary mass- 
properties statement is presented in Table 5 .  

4xis 

pitch 

Roll 

Yaw 

Product 

Principal 
Axis (Deg) W 

Pilot + Pilot + 
Pilot 100-Lb 370-Lb Pilot 
Only Payload Payload Only 

53 64 104 84 

45 57 96 76 

37 57 130 87 

-- -- -- -1.2 

-- -_ _ _  -6.2 

R g u ~  13. General Arrangement 

Although the rescue mode was dropped from 
consideration during the study, the design can be 
modified to  provide this capability by raising the 
payload pans a few inches and raising the seat 
enough to provide clearance between the bottom 
of the seat and an astronaut prone across the load 
pans. Design modifications required to  utilize the 
LFV for two-man lunar escape were also con- 
sidered. This requires removal of the load pans and 
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Toble 5. Summary Weight Statement 

System 

Body structure 
Environmental protection 
Landing 
Propulsion 
Power 
Power conversion and distribution 
Navigation and control 
Personnel provisions 
Crew station controls and 

paneis 

Dry weight* 

Pilot 
Residuals 

Minimum burnout weight 

Maximum payload 
Propellant 

Maximum gross weight 

*Includes 10-percent growth 
for all systems 

Weight 
(pounds) 

36.9 
11.0 
62.2 
98.4 
18.3 
8.8 

32.9 
9.3 

25.8 

303.6 

380.0 
9.0 

692.6 

370.0 
300.0 

- 

- 

1362.6 

100-Lb 
Payload 

94 

86 

106 

-1.3 

-3.6 

- 

- 

i70-Lt 
'ayloal 

133 

125 

180 

- 

-1.4 

-1.5 

addition of two propellant tank and engine 
modules to provide sufficient propellants and 
thrust for the escape. 

The flight performance capability of this con- 
cept was established by analysis of visual simula- 
tion results. Figure 14 summarizes propellant 
requirements (burned propellant to initial gross 
weight) as a function of one-way range assuming a 
constant-altitude flight mode. The effect of landing 

-1 2- 

SD 69419-1 



Space Division 
North Amencan Rockwell 

on- 0.8 ...- 

:I 
o m  

0 111 

0 I6 

0 I 4  

0 I2 

0 IO 

0 0 0  

om 

OM 

W C l O R Y  
V*RLLTIONS 

U N D l N G  

o.m 0. 0 2 4 6 8 I Y  " _  
ONi-WAY RANGf (N Yo ONf-WAY U N G f  ( N  MI1 

SIMULATION DATA ANALYSIS [ ACHIEVABLE WITH TRAINING 

Figwe 14. Pilot Injluence on PZopcrkrnt Requirements 

and trajectory variation propellants on total pro- 
pellant requirements is illustrated. The data on the 
left were taken directly from simulation, and the 
data on the right (achievable with training) illus- 
trate anticipated requirements with additional 
training. Figure 15 presents weight and perform- 
ance tradeoff data as a function of propellant 
weight. The current design point, using 300 pounds 
of propellant, has a dry weight of about 
300 pounds, including a 10-percent growth factor. 
Since this weight is based on relatively conservative 
hardware estimates, future weight-saving programs 
could reduce the weight to  about 260 pounds as a 
design goal. The rangingcapability curve uses the 
data from the "achievable with training" curve in 
Figure 14 and includes 3-percent residual and 
1 @percent reserve propellants in the propellant 
weight. This figure shows that the current concept 
has an operating radius of about 4.6 nautical miles 
with no payload. The maximum flight velocity for 

ACHlNMLf  INBOUND h OUT- 
RADIUS ( N  MI) W U N D  IAYLOAD 

DRY W f l G M  

IU) '1 1 LTZiRE 
,CURENTDESICN POINT 109b GROW" 

310 

CWRfNT WRDWARf 
1 IO%GROWH 

DfSlGN GOAL 
no 

m m m m  
W O P E U M  W l  (U) P R O ~ ~ L U N I  m iu) 

I DRY WEIGHT TREND I RANGING CAPABILITY 

p$urr IS. AcldewMe Ranging Cbpability and Syztem lhnicofi 

this range is 280 feet per second. Increasing the 
propellant load to  400 pounds increases the radius 
to about 7.8 nautical miles at a dry-weight increase 
of 15 pounds. Future studies should consider the 
advisability of increasing the propellant load based 
upon mission considerations. 

DEVELOPMENT SCHEDULE 

The development schedule for the LFV is 
primarily influenced by development of the 
engines, which requires from 17 io 20 iiiioiiths. The 
simplified schedule, shown in Figure 16, was 
derived after an analysis of data received from 
several subcontractor sources. This schedule 
assumes combined Phases C and D activities 
initiated in October 1969. Delivery of the first 
operational vehicle is scheduled by April 1972. 

Figure 16. Development Schedule 

CREW TRAINING 

Crew training for the LFV mission would be 
similar to that currently used for the Apollo 
program. Training would sequentially involve 
(1) mission and system familiarization classes, 
(2) detailed system and mission classes along with 
full-scale mockup and visual simulation activities, 
and (3) flight training. The flight-training program 
would require both 1/6-g tethered training at a 
facility like the NASA Langley Lunar Landing 
Research facility and free-flight training. A modi- 
fied FLEEP or 1/6-g LM training vehicle could be 
used for the 1/6-g training. The 1-g LM training 
vehicle could be modified for free-flight training. 
Because of the similarity between the LFV and LM 
control characteristics, it is anticipated that only a 
brief training period would be required. 
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Navigation training would be accomplished with it is recommended that a helicopter be employed 
a visual scene simulator with a lunar surface model for navigational training at high velocity over 
closely resembling the actual mission site. Since the regions of the earth with topography similar to  the 
l-g LM training vehicle can not fly at the high moon. 
velocities related to the LFV peak cruise velocity, 

! 

I. 

I 
f 
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RELATIONSHIP TO OTHER NASA PROGRAMS 
I 

This effort is closely related to all other activity 
associated with advanced lunar missions and with 
certain research work currently being conducted 
within NASA. Because this system represents a 
potential payload on an extended lunar module 
(ELM), 2 stmng interface exists that implies 
potential modifications to  the lunar module to 
provide translunar LFV stowage and propellant 
transfer on the lunar surface. 

i 

1 
In the planning of future lunar mission objec- 

tives, the potential of the flying-vehicle concept 
when used alone or in combination with other 
lunar transport vehicle (such as the Rover) will be 

important in defining mission objectives. The 
technology and potential mission uses associated 
with the LFV and the work currently in progress 
on the Lunar Emergency Escape to Orbit Vehicle 
Study (NAS1-8923) are also closely related. 

Planned fabrication and fight testing at the 
NASA Langley Lunar Landing Research facility of 
a FLEEP vehicle (for kinesthetic and hardwire 
control system research) will provide additional 
valuable data related to  these simple control 
system approaches. This vehicle could also provide, 
when appropriately modified, a system for astro- 
naut training. 
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SUGGESTED ADDITIONAL EFFORT 

Results of the present effort have produced a 
design that provides a safe and useful technique for 
lunar exploration. Additional effort falls into two 
categories: PhasesC and D effort, and supple- 
mental preliminary design and simulation effort to 
permii I'uriiiei siiipEk;ti~z d the system or to 
establish f i i l y  that further simplification is 
undesirable due to  impact on safety. 

PHASES C AND D EFFORT 

For timely development of the LFV system, 
PhasesC and D should be combined. Initiation of 
these phases should, if possible, follow completion 
of the present effort almost immediately. Combin- 
ing of PhasesC and D will allow the early 
procurement of the long lead time engines and the 
orderly design, procurement, fabrication, and test- 
ing of other subsystem and system elements. The 
Training and Resources Plans, Volume 6 ,  contains 
the schedules related to these activities. 

IMMEDIATE FOLLOW-ON EFFORT 

Immediate follow-on activities have been identi- 
fied in two areas: simulation and design. 

Simulation 

The objective of devising a simple control 
system with acceptable handling qualities for appli- 
cation to  the LFV should continue to be pursued. 
During the current program, none of these systems 
has been found to possess acceptable character- 
istics. Flight simulation research was conducted 
with the pilot in a standing and unrestrained 
position employing a relatively short control 
handle (5 inches) for hardwire gimbal control of 
the engines. Although visual simulation work 
included the introduction of spring and damper 
networks between the hand control and the 
engines, this has not been attempted in tethered 

flight. Additional visual simulation work with 
spring and damper networks should be accom- 
plished to probe further the parametric character- 
istics of these systems. Variations in the length and 
configuration of the hand control may also prove 
to he of parametric interest. A combination of 
flight and visual simulation would be required to  
allow the regions of interest to be effectively 
analyzed. 

The tethered-flight vehicle could be modified to 
restrain the pilot and to include spring and damper 
networks in the region that is determined optimum 
from visual simulation and to include handcontrol 
configuration variations. 

Design 

A brief study was conducted of concepts using 
the LM RCS engines in the pulsed mode. It was 
found that a feasible concept could be realized 
which had a radius of operation about one nautical 
mile less than the current design concept. This 
concept used the pulsed thrusters for main pro- 
pulsion as well as for platform rotation. 
(Rotational control was obtained by differential 
pulsing.) Since use of these engines may reduce 
program cost and shorten the development cycle, it 
is recommended that a preliminary design of this 
concept be produced. 

Additional effort related to  the current concept 
would be desirable to optimize the design. The 
mockup work, conducted during the later portion 
of the program, resulted in improvements in the 
astronaut and vehicle interface areas. Although 
these changes have been incorporated into the 
preliminary design, they further impact total 
system integration and may lead to  a more 
compact arrangement. For this reason, a final 
iteration of the design would be of value. 
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